We present the functionalization process of a conductive and transparent CuAlO2/Cu-O hole transporting layer (HTL). The CuAlO2/Cu-O powders were developed by flame spray pyrolysis and their stabilized dispersions were treated by sonication and centrifugation methods. We show that when the supernatant part of the treated CuAlO2/Cu-O dispersions is used for the development of CuAlO2/Cu-O HTLs the corresponding inverted perovskitebased solar cells show improved functionality and power conversion efficiency of up to 16.3% with negligible hysteresis effect.
INTRODUCTION
The discovery of novel solution processed light-harvesting materials boosted the photovoltaic research towards innovative concepts, such as hybrid perovskite-based solar cells. 1 Within less than 10 years of development, perovskite-based solar cells exhibit lab-scale power conversion efficiencies (PCEs) of over 22%. 2, 3, 4 In addition, the substantial progress on novel perovskite solar cell architectures based on solution processing, marks the compatibility of these devices with large scale printing production. 5 Among many types of perovskite solar cell architectures, 6 ,7 the planar heterojunction p-i-n architecture show some relevant advantages to large scale production. For example, the fullerene processed on top of the perovskite as the n-contact has been found to eliminate the current-voltage (J-V) hysteresis, which is generally observed in the n-i-p device architecture. 8 Furthermore, both the fullerene n-type contact as well as the p-type contact can be fabricated at low processing temperatures. 9, 10 Charge selective contacts are of high importance for the functionality of p-i-n perovskite solar cells. 11, 12 Poly ( 14 Therefore, it is critical to pursue materials and interface systems with minimal voltage losses for developing high-performance inverted perovskite solar cell devices.
As alternatives to PEDOT:PSS, other polymeric p-type materials, have been identified as suitable HTLs for high performance p-i-n perovskite solar cells 15 and in most cases lead to devices with higher Voc values. However, the excessive cost of these materials, because of their synthetic procedure and high-purity requirement, is immensely hampering the future commercialization of perovskite solar cells. Low-cost, metal oxides have been identified as promising alternative HTLs in inverted perovskite solar cells. 16, 17 Solution processed CuO, 18, 9 NiO 19 and CuSCN 20 have been reported as efficient HTLs providing high Voc values (>1 V) for p-i-n perovskite solar cells .
Despite their excellent progress, all the hole transporting layers usually exhibit low electrical conduction properties. By using metal oxide-based HTLs with relatively high electrical conductivity, thicker layers might be used without significant losses in device internal resistances. 21 This is a widely known issue in organic photovoltaic (OPV) technology where the use of thicker charge selective layers are essential for a reliable layer formation using roll-to-roll (R2R) large scale processing as well as device reproducibility. 22 Similar to OPV technology, the use of conductive and thicker charge selective layers results in a series of benefits concerning product development targets of printed perovskite solar cells. 23 In contrast to solution processed n-type metal oxide charge selective layers, the realization of solution processed conductive and transparent p-type metal oxide thin films to be used as solution processed CuNiOx, 24 as an efficient HTL for efficient p-i-n perovskite solar cells.
Furthermore, Chen et al. demonstrated that the use of a conductive NixMg1-xO HTL leads in
an efficient extraction of positive carriers, and the corresponding perovskite-based p-i-n solar cells result in excellent fill factor (FF) values exceeding 80% and hysteresis-free behavior. 25 Our search for highly conductive and transparent p-type oxide semiconductors for potential use as HTLs in perovskite solar cells, led us to the delafossite compounds, one of the few known categories of p-type materials that combine relatively high electrical conductivity and high transparency in the visible spectrum. Delafossites have the general formula of A +1 X +3 O2, where A is mostly Cu (or Ag), X is often Al, Ga, Cr and O is oxygen. Delafossites can be crystallized to either a rhombohedral 3R-(R3hm) or hexagonal 2H-(P63/mmc) structure. 26 Kawazoe et al. were the first to report that CuAlO2 produced by laser ablation exhibits room temperature electrical conductivity of 1S/cm, 27 one of the highest reported room temperature electrical conductivity values of p-type metal oxide semiconductors. In addition, several studies show energy levels compatible with p-type electrodes of electronic devices, such as large optical band gap 28 and deep work function in the range of 5.2-5.5 eV. 29 However, despite their excellent potential, a major drawback for a wider use of these materials is the extreme amount of energy required to obtain pure delafossite functional films.
For example, sol-gel processes can be used to fabricate delafossite thin films only by annealing the gel-films at temperatures over 1000 o C under inert atmospheres, 30 which is unlikely to be used for the fabrication of solution based perovskite solar cells. Delafossite nano-powders can also be fabricated using hydrothermal methods or microwave assisted hydrothermal methods under extreme pressures (>300 MPa). 31 
RESULTS AND DISCUSSION
The The main part of Cu(II) species is due to the CuO clusters and/or Cu-O dimers of hybridized CuAlO2 lattice, while a minor contribution of Cu(OH)2 phase cannot be excluded.
However, due to the absence of CuO crystalline peaks in the XRD patterns of CuAlO2 ( Figure   1a ), the major part of Cu(II) is attributed to be in the form of Cu-O dimers hybridized in CuAlO2 lattice, which is consistent with previous reported results. 40, 41 Therefore, the proposed HTL for inverted perovskite solar cells is termed as CuAlO2/Cu-O. The UPS measurements have shown that the ionization potential is calculated at 6.45
eV and the fermi level at 4.9 eV in respect to vacuum. Combining these results with the absorption measurements, where an optical band gap was calculated at ~3.5 eV, we can energetically position the conduction band minimum at ~2.95 eV. The presence of Cu-O dimers clearly affecting the energy bands levels and electronic properties of CuAlO2. 40, 41, 43, 44 Thus, CuAlO2/Cu-O HTL can efficiently block the photogenerated electrons charges at the CB of perovskite layer which are positioned at ~ 3.9 eV in respect to vacuum. 45 On the other hand, hole selection and transport is also influenced by the easily formed acceptor states in the band gap of the CuAlO2 ascribed to Cu(II) and observed in the range of 23% from the XPS measurements shown in Figure 1b and other publications. 40, 41 Such states within the bandgap have been observed at around 0.8 eV in respect to VB. 46 The efficient photovoltaic performance results reported in section 2.3 suggest that these states can assist on the selection and transport of the photogenerated holes at perovskite's VB which is located at ~5.4 eV in respect to vacuum. To achieve functional CuAlO2/Cu-O HTLs the Sol A dispersions were treated with a sonicator probe at high frequencies for over two hours. In total, more than 60 kJ of energy has been delivered to the dispersion, aiming to force some of the large agglomerates to break into smaller particles. Then, the treated dispersion was centrifuged at 3000 rpm for 4 min. By confirm that based on the above process CuAlO2/Cu-O HTL very large sharp spikes can be avoided.
The elimination of the ultra-large agglomerates leads to functional CuAlO2/Cu-O films.
Comparing the particle size distribution from the SEM measurements on films (insets of Figure S6 , bottom plot).
CuAlO 2 /Cu-O Hole Transporting Layers for Inverted Perovskite Solar Cells
The previous paragraphs describe how we fabricate functional CuAlO2/Cu-O films. To implement those films in solar cell stack, several other requirements must be fulfilled. Figure   5 shows the cross-sectional view SEM image of the treated, CuAlO2/Cu-O HTL (Film B@400 o C) perovskite solar cell device structure. The thickness variation due to the broad particle distribution of the treated CuAlO2/Cu-O HTL with estimated average thickness ~50 nm, is indicated within figure 5 and is discussed in more details within the above sections.
The perovskite active layer has a thickness of ~260 nm, while the PC70BM and the AZO films Figure 8d shows the equivalent circuit model used to fit the experimental data obtained by impedance spectroscopy.
As shown in Figure 8a the p-i-n device exhibits negligible hysteresis in the J-V plots between the forward and reverse scan directions. The device exhibited Voc=1.07 V, Jsc=19.1 mA/cm 2 , high FF=79.6% and overall PCE=16.3% in the forward scan with slightly lower overall PCE=16% in the backward scan. The high open circuit Voc value (1.07 V) is similar to other reported metal oxide based HTLs 9, 19 and to the value we have achieved using monodispersed CuGaO2 based HTLs for inverted perovskite SCs. 36 We note that in our previous work with solvothermal based synthesized CuO interfacial layers for inverted perovskite solar cells the thickness was in the range of 10 nm due to conductivity and transparency limitations. Figure 6c . In addition, the EQE spectra is above 85% in the range 450-550 nm. In this area, the optical absorption of CH3NH3PbI3 photoactive layer is almost 100%. Thus, the high EQE in this optical spectrum is a strong indication that almost all the absorbed photons are converted into charges and collected efficiently at the device electrodes. In the region of 550 nm-700 nm the EQE percentage drops from 75% down to 55% which is most likely due to the drop-in absorption strength of the corresponding CH3NH3PbI3 photo-active layers. The peak of the EQE spectra at 700-760 nm can be attributed to the use of AZO nanoparticulate layer at the top electrode resulting in light scattering and increased back electrode reflectivity. The ECM used as well as the physical meaning of its components can be found in more details elsewhere. 50, 11 The high frequency response is generally attributed to the charge transport resistance in the carrier selective contacts, whereas the low frequency arc is attributed to the charge recombination resistance of the device. Interestingly, the recombination resistance (Rrec) value is found to be at ~35000 Ohm, which is considerably higher compared to the values reported for different HTLs using similar ECMs (e.g. PEDOT:
PSS), 11 indicating that there is a considerable decrease to the charge recombination events throughout the device interfaces as well as the individual layers themselves. In addition, the double layer capacitance (Cdl) is relatively small compared to other commonly used HTLs, 11 indicative of reduced charge accumulation at the interfaces and thus faster hole extraction.
The above mechanisms are the major reasons for the large Voc, and FF values measured from the J-V characteristics of the best performing inverted p-i-n perovskite solar cells under study (Figure 8a ). Furthermore, in order to obtain good fits, we note that a constant phase element (CPE) was used for Cdl, which models the behavior of a non-ideal capacitor. 51 CPEs are often necessary to be used to compensate for variations in capacitance arising from phenomena such as non-uniform current distribution and variations in a layer thickness. 52 In our case we believe that it is a case of non-uniform space charge distribution at the metal-oxide based HTL electrode interfaces. We note that treated supernatant (CuAlO2/Cu-O) dispersion batch-to-batch reliability and solar cell device performance reproducibility critically depends on the parameters and accuracy of implementation of the delicate functionalization process described within the paper. Despite the observation that devices show stable performance up to 750 hours under the basic protocol ISOS-D-1 after this time most of the devices were not able to be measured due to Al contact failure (Al oxidation due to environmental conditions). Thus, the above conditions cannot be used to provide a clear understanding on the degradation mechanisms related to bottom electrode effects of the inverted PV solar cells reported within this paper and for this reason lifetime performance under ISOS-D-1 have been included as initial lifetime testing within the manuscript supplementary information.
